ABSTRACT. The cardiovascular adaptations to chronic anemia were studied in the newborn lamb and then compared with the adaptations to chronic hypoxemia. Eight chronically instrumented newborn lambs underwent repeat isovolemic exchange transfusions to maintain their Hb concentrations at 60% of normal for age. Hemodynamic studies were performed twice weekly for 2 wk after which time regional blood flows were measured using radionuclide-labeled microspheres. The major compensatory responses after 2 wk of anemia were moderate increases in heart rate (229 f 20 versus 187 f 15 beatslmin) and cardiac output (226 f 36 versus 165 + 38 ml/kg/min), an increase in fractional extraction of oxygen (65 versus 40%), and a redistribution of regional blood flow. Blood flows to the heart and brain increased whereas blood flows to the viscera and carcass did not change. These compensatory responses were different from those that occur during chronic hypoxemia: specifically, cardiac output did increase, growth was not suppressed, and the pattern of redistribution of regional blood flows was different. The dissimilar effects of anemia (decreasing systemic oxygen content ) versus hypoxemia (decreasing systemic oxygen tension) on local tissue receptors and peripheral chemoreceptors may account for these differences. (Pediatr Res 23: 621-627,1988) During the period of rapid growth after birth, cardiac output and Hb concentration gradually decrease (I). In the presence of a high resting demand for oxygen and a limited ability to further increase cardiac output, this fall in Hb greatly compromises the infant's ability to respond to decreases in systemic oxygen delivery (1-3). When systemic oxygen delivery falls below a critical level, oxygen consumption cannot be maintained and alterations in hemodynamics, metabolism, and growth occur (4, 5).
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During the period of rapid growth after birth, cardiac output and Hb concentration gradually decrease (I). In the presence of a high resting demand for oxygen and a limited ability to further increase cardiac output, this fall in Hb greatly compromises the infant's ability to respond to decreases in systemic oxygen delivery (1) (2) (3) . When systemic oxygen delivery falls below a critical level, oxygen consumption cannot be maintained and alterations in hemodynamics, metabolism, and growth occur (4, 5) .
Whereas previous investigators have studied the effects of acute decreases in systemic oxygen delivery in the newborn (5) (6) (7) , there are currently few data on the effects of prolonged decreases in systemic oxygen delivery. We have previously studied chronic hypoxemia in the newborn lamb using a model of pulmonary stenosis with atrial right to left shunting (4) . In this model the decrease in systemic oxygen tension caused a concomitant decrease in systemic oxygen content. The major compensatory responses were a decrease in growth, an increase in Hb concentration, and a redistribution of regional blood flow (4, 8) .
The purpose herein was to determine the relative contributions of reductions in systemic oxygen tension and systemic oxygen content to the compensatory hemodynamic responses and the growth suppression we had observed during chronic hypoxemia. To do this, we created a model of chronic anemia. Using this model we reduced systemic oxygen content comparably to that achieved in the chronic hypoxemia studies (4, 8) , but did not decrease systemic arterial oxygen tension. We then compared the compensatory responses to chronic anemia with those to chronic hypoxemia.
MATERIALS AND METHODS
Surgical procedure. Surgery was performed on eight newborn lambs of mixed Western breed within the first 3 days after birth. Under local anesthesia with 0.5% lidocaine hydrochloride, polyvinyl catheters were inserted into a hind leg artery and vein and advanced to the descending aorta and inferior vena cava. The lambs were intubated and ventilated with a Harvard volumecycled pump respirator (Harvard-Ealing Co., Millis, MA). Under general anesthesia with 1 % halothane a thoracotomy was performed in the fourth left intercostal space. Polyvinyl catheters were inserted into the ascending aorta and superior vena cava via the internal thoracic artery and vein and directly into the main pulmonary artery and left atrium. A precalibrated electromagnetic flow transducer (C & C Instruments, Culver City, CA) was placed around the ascending aorta. A no. 8 French polyvinyl catheter chest tube was inserted into the left pleural cavity and the chest was closed in layers. All catheters were filled with heparin and plugged, brought to the skin via a subcutaneous tunnel, and protected by a bag sewn to the lamb's flank. The lambs were returned to their ewes and remained with them throughout the 2-wk study period. The intravascular catheters were flushed with saline and reheparinized daily for the first 5 days and twice weekly thereafter. The lambs received intramuscular antibiotics (1 ml of Combiotic, Henry Schein Inc., Port Washington, NY) immediately preceding catheter flushing. Intramuscular iron dextran complex (equivalent to 100 mg of elemental iron) was given weekly to avoid the hemodynamic effects of iron deficiency (9, 10) .
Production ofanemia. After Experimental protocol. Before the onset of anemia, and then twice weekly, each lamb was weighted, blindfolded, and placed in a sling under a radiant warmer that maintained environmental temperature between 24 and 27" C (1 1). All vascular catheters were connected to Statham P23Db pressure transducers (Statham Instruments, Oxnard, CA). After the lamb was resting quietly, aortic, pulmonary arterial, left atrial, and central venous pressures were recorded on a Beckman 8 channel direct writing recorder (Beckman Instruments, San Jose, CA). Ascending aortic blood flow was recorded with the electromagnetic flow transducer connected to a Statham SP2202 flowmeter (Statham Instruments). Oxygen consumption was measured by placing a loosefitting bag around the lamb's head and analyzing expired gas according to the method of Lister et al. (12) . Aortic and pulmonary arterial blood samples were withdrawn simultaneously for measurement of blood gases (Coming 158 pHblood gas analyzer, Medfield, MA), Hb concentration and oxygen saturation (Radiometer OSM 2 hemoximeter, Copenhagen, Denmark), hematocrit, and estimation of total serum protein (American Optical Corporation Refractometer, Buffalo, NY).
After 2 wk of anemia, regional blood flows were measured. To avoid changes in gastrointestinal tract blood flow associated with recent oral intake (13), the lambs were studied at least 2 h after being separated from their mothers. Fifteen pm diameter radionuclide-labeled microspheres (labeled with one of the following radionuclides: 153Gd, 5 7 C~, Il4In, "Cr, 'I3Sn, 85Sr, 95Nb, 54Mn, or 65Zn) were injected into the left atrium while reference blood samples were withdrawn continuously and simultaneously from the ascending and descending aortic catheters into preweighed syringes for 1.5 min at a rate of 4 ml/min (14) . This rate of withdrawal is adequate to avoid artifacts related to the nonhomogeneous distribution of microspheres during anemia (1 5). At the end of the study the lamb was killed and dissected. The skin was separated from the remainder of the carcass. Each organ and organ part, the carcass, and the skin were weighed and incinerated. The radioactivity of each part was then counted on a gamma counter with a multichannel pulse height analyzer (14) . To demonstrate a correlation between the two methods of measuring cardiac output in this model, we measured ascending aortic blood flow with the electromagnetic flowmeter (which excludes coronary blood flow) and cardiac output with microspheres simultaneously at the end of the 2 wk of anemia. If coronary blood flow (averaging 8.5% of cardiac output in the anemic lambs) was added to the flow probe blood flow, there was a mean absolute difference of 14 k 8% between the two measurements, with only one difference greater than 20% and none greater than 30%. This degree of correlation is consistent with the findings of Kuipers et al. ( 1 6) .
Calculations. Aortic and pulmonary arterial oxygen content were calculated as the product of the Hb concentration, Hb oxygen saturation, and a Hb oxygen binding capacity of 1.36 ml oxygenldl. Systemic oxygen delivery was calculated as the product of systemic blood flow and aortic oxygen content. Extraction coefficient was calculated as the arteriovenous oxygen difference divided by aortic oxygen content. P50 was calculated from the oxygen saturations and tensions of three simultaneous blood samples using regression analysis.
Organ blood flow was calculated as the product of recovered radioactivity counts from each organ or organ part and reference sample blood flow divided by reference sample counts. Percent of total cardiac output to each organ or vascular bed was calculated by dividing individual organ counts by total recovered counts. Oxygen delivery to each organ was calculated as the product of the microsphere-derived blood flow to that organ and aortic oxygen content. Systemic vascular resistance was calculated as the difference between aortic mean pressure and central venous pressure divided by cardiac output. Because of the wide variability in the sizes of the lambs, organ weights were normalized by calculating organ weight as a percentage of total body weight.
Analysis. The data from the anemic lambs were compared to the previously reported data from 1 1 chronically hypoxemic lambs (4, 8) . Chronic hypoxemia was produced by surgical creation of supravalvar pulmonic stenosis and an atrial septa1 defect (4) . Aortic oxygen saturation was decreased to between 60 and 74% and was maintained at this level for 2 wk. Data from the anemic lambs were also compared to previously reported data from 12 control lambs, which had undergone similar surgery (4, 8) .
Data from the anemic lambs were divided into subgroups according to the duration of anemia on the day the data were obtained. This method of analysis was performed to compare results chronologically with the hypoxemic lambs (4, 8) . The data were divided into six subgroups. The first subgroup of measurements was performed immediately before the first exchange transfusion, the second after 1 to 3 days of anemia, the third after 4 to 6 days of anemia, the fourth after 7 to 9 days, the fifth after 10 to 12 days, and the sixth after 13 or more days of anemia. The data were analyzed in two ways. First, when comparing the anemic, hypoxemic, and control lambs, statistical analysis was performed using analysis of variance with StudentNewman-Keuls multiple range testing. The data are plotted by age with the subgroups representing the duration of anemia shown by a point at the mean age for each subgroup. In Figure  1 , the average duration of anemia is shown above each subgroup. Second, when comparing only the anemic and hypoxemic lambs, statistical analysis was performed by Student's nonpaired t test and the data are plotted by days anemic or hypoxemic. Statistical significance was considered achieved when p was <0.05. All values in the text are reported as means with 1 SD.
RESULTS

General.
All eight anemic lambs survived the initial exchange transfusion. Two lambs died during the study period. These lambs were not different from the survivors with respect to degree of anemia, arterial and mixed venous blood gases, aortic blood flow, oxygen consumption, or growth. In comparison, none of the control lambs died. The ages at which regional blood flows were measured were similar (anemic 27 f 5.8 days, control 26.7 k 5.5 days, nonsignificant by Student's t test). Weight gain in the anemic lambs was similar to the controls throughout the study period, with the exception of a brief decrease immediately after the onset of anemia (Fig. I). (In all figures, data from the anemic lambs are compared with previ-5 ously published data from the hypoxemic lambs (4, 8) . Comparisons between these two experiments are presented in the "Dis-g cussion.") Heart rate was initially higher in the anemic lambs, 9 which failed to show the normal decrease in heart rate with age 5 seen in the controls (Table 1) . Aortic systolic, diastolic, and mean I pressures, and total systemic vascular resistance were not significantly different from control (Table 1) . Oxygen half-saturation pressure of Hb increased, similar to the increase seen in normal lambs (1, 6) . Total serum protein decreased slightly throughout the study in the anemic lambs.
Oxygen delivery. Hb concentration was maintained at a consistently low level in the anemic lambs ( Fig. 2A) whereas systemic 3 arterial oxygen saturation was normal (Fig. 2B) . Thus, systemic arterial oxygen content was reduced for the duration of the study B (Fig. 2C) . Cardiac output decreased initially in the anemic lambs $ and then increased to above control level (Fig. 3A) . Cardiac 2 output in the control lambs showed the normal decrease associ-& ated with increasing age. Despite the decrease in systemic oxygen 2 content, by the end of 2 wk systemic oxygen transport was not O different from control, due to the increase in cardiac output (Fig.  3B'I . oxygen utilization. Total body oxygen consumption indexed to weight dropped gradually over the study period and was similar to that found by Lister et al. (1) in normal lambs (Fig. 4A) . Fractional extraction of oxygen was elevated to approximately 65% in the anemic lambs versus 35-43% seen normally (1) (Fig.  4B) . Mixed venous oxygen tension [an index of tissue oxygenation (17)], mixed venous oxygen saturation, and mixed venous oxygen content were all decreased (Fig. 5) .
Regional bloodflows and oxygen delivery. Blood flows to the heart and brain were increased in the anemic lambs (Fig. 6 ). Blood flows to the gastrointestinal tract, liver, and carcass were not different from control (Fig. 6) . Adrenal, splenic, and renal blood flows were also not statistically different from control (not shown). Oxygen delivery was maintained to the heart, brain, and adrenals and was decreased to the spleen, kidneys, gastrointestinal tract, and carcass (Fig. 7 ). There were no significant differences between anemic and control lambs in individual organ weights expressed as a percentage of total body weight except for skin weight which was slightly greater in the anemic lambs (Fig.  8) .
Age (days) Fig. 2 . 0, effect of chronic anemia on ( A ) Hb concentration; (B), arterial oxygen saturation; and (C), arterial oxygen content. Data are compared to chronic hypoxemia (0) (4) (4) and controls (shaded area). *p < 0.05 versus control by analysis of variance.
DISCUSSION
The major compensatory responses to chronic anemia in the newborn lamb were increases in heart rate, cardiac output, and fractional extraction of oxygen. Because of the increase in cardiac output, total body oxygen delivery was normal. There were, however, important regional alterations in oxygen delivery caused by the redistribution of regional blood flow. Blood flows to the heart and brain increased, so that oxygen delivery to these organs was maintained at a normal level; however, because blood flows to the carcass and visceral organs did not increase, oxygen delivery to these organs was less than normal. Despite this decrease in peripheral and visceral oxygen delivery, growth was not suppressed.
There are important similarities and differences between the compensations to chronic anemia in the newborn lamb and those described in previous studies in adult dogs (18) and in adult humans (19) . The moderate increases in cardiac output and fractional extraction of oxygen are similar to those described in adult humans by Woodson et al. (19) , except that in these adults the increase in cardiac output was due to an increase in stroke volume rather than heart rate (19) . This difference from the results herein may be due to developmental differences in the mechanisms by which cardiac output can be most effectively increased in the newborn versus the adult (3, 20) .
Redistribution of regional blood flow during chronic anemia has been previously described in adult dogs (1 8), but the pattern of this redistribution is somewhat different from that which we found in newborn lambs. Myocardial blood flow increased and mesenteric blood flow did not change, as in the lamb, but unlike in the lamb, renal blood flow decreased and hindlimb blood flow increased (18) . This difference in the peripheral blood flow response may be due to developmental differences in peripheral autonomic or local tissue responses to chronic anemia, to differences in the degree of anemia (less severe in our study), or to the possibility that hindlimb blood flow may not be representative of blood flow to the carcass as a whole.
We also compared the major compensatory responses during chronic anemia with those that we had previously reported during chronic hypoxemia (4) . In contrast to the normal growth seen during chronic anemia, chronic hypoxemia is associated with marked growth suppression (Fig. 1) . One of the major compensatory responses to chronic hypoxemia is an increase in Hb concentration (Fig. 2A) . Because of this increase in blood oxygen-carrying capacity in the hypoxemic group, by the end of the 2 wk of study, systemic oxygen content returned to normal in the hypoxemic lambs while remaining low in the anemic o ! , , , . , . , , , . , . 
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Days Anemic / Hypoxemic Fig. 4 . 0, effect of chronic anemia on oxygen utilization plotted by days anemic (abscissa) and compared to chronic hypoxemia (a) (4 lambs (Fig. 2C) . Heart rate is elevated during chronic hypoxemia, similar to chronic anemia (Table 1) ; however, because of a decrease in stroke volume during chronic hypoxemia, cardiac output was not increased above normal (Fig. 3A) . Thus, systemic oxygen transport returns to control levels in both chronic anemia and chronic hypoxemia, but by different compensatory mechanisms: cardiac output increased in the anemic lambs whereas Hb concentration increased in the hypoxemic lambs (Fig. 3B) .
Total body oxygen consumption indexed to weight was not different between the anemic and hypoxemic lambs (Fig. 4A) . Fractional extraction of oxygen is increased during chronic hypoxemia, although significantly less than in chronic anemia (Fig.  4B) . Inasmuch as fractional extraction of oxygen is equal to oxygen consumption divided by systemic oxygen transport, this difference mav have been due to the slightly lower systemic oxygen transport in the anemic lambs, whiih was independently not significantly different from the values of the hypoxemic lambs. The actual amount of oxygen extracted, or arteriovenous oxygen difference, was not different between the two groups (Fig.  4C) . Mixed venous oxygen tension and saturation were equally reduced in both anemic and hypoxemic lambs (Fig. 5 A and B) ; however, because of the much higher Hb concentration in the hypoxemic lambs, mixed venous oxygen content returned to normal in this group (Fig. 5C) .
Regional blood flow distribution is also markedly different in chronic anemia from that seen during chronic hypoxemia (8) . During chronic hypoxemia, blood flow to the heart and brain is not increased, and blood flow to the gastrointestinal tract, liver, and carcass is decreased (Fig. 6) . This difference in the redistribution of blood flow between chronic anemia and chronic hypoxemia may be related to the mechanisms by which blood flow to different organs is regulated. The heart and brain compensate for a decrease in oxygen delivery primarily by increasing blood flow in response to tissue hypoxemia (2, (21) (22) (23) (24) ; peripheral chemoreceptor stimulation does not play a major role in this response (25) (26) (27) . During both acute anemia and acute hypoxemia systemic arterial oxygen content is decreased, so that myocardial and cerebral blood flows must increase to maintain local oxygen delivery. During chronic anemia, systemic arterial oxygen content remains decreased, so that the increases in myocardial and cerebral blood flows persist. During chronic hypoxemia, however, the increase in Hb concentration returns systemic arterial oxygen content to normal, so that blood flow to the myocardium and brain need not increase to maintain oxygen delivery (8) .
The gastrointestinal tract and carcass respond to a decrease in oxygen delivery through a complex series of responses which serve to increase oxygen extraction (2, (28) (29) (30) . Blood flow is regulated by changes in local tissue metabolism and by changes in arterial, venous, and tissue pressures (3 1,32) . However, unlike the heart and brain, peripheral chemoreceptor stimulation also plays a major role in blood flow regulation to the gastrointestinal tract and carcass (27). During chronic anemia, arterial oxygen tension is normal and there is stimulation of sympathetic nervous input to the carotid chemoreceptors, so that there is little or no increase in carotid chemoreceptor activity (33) (34) (35) and no peripheral vasoconstriction. During chronic hypoxemia, arterial oxygen tension is decreased, resulting in chemoreceptor stimulation and vasoconstriction of the cutaneous and possibly also the visceral circulations (8) . Despite this difference in blood flow, oxygen delivery to the viscera and carcass is decreased similarly in chronic anemia and chronic hypoxemia, because of the decreased systemic oxygen content during chronic anemia and the decreased blood flow in chronic hypoxemia.
We did not see suppression of growth during chronic anemia despite the fact that suppression of growth did occur during chronic hypoxemia at a similar reduction of systemic oxygen transport. We can speculate on several possible explanations for this difference in growth. First, although we did not quantify either ventilation or caloric intake, the hypoxemic lambs were subjectively more tachypneic than the anemic lambs (4). Thus, the portion of total body oxygen consumption devoted to cardiorespiratory work may have been higher in the hypoxemic than in the anemic lambs. Additionally, the increased work of breathing may have made feeding more difficult in the hypoxemic group. Inadequate caloric intake has been shown to contribute to growth failure in chronic alveolar hypoxemia (36) . Second, the decrease in blood flow, and possibly also in substrate delivery, to the gastrointestinal tract and carcass seen exclusively in the hypoxemic lambs may have been responsible for their decreased rate of growth. Reduced blood flow to the gastrointestinal tract has been shown to impair motility (29) and reduced peripheral blood flow has been previously suggested, but not documented, as a potential cause of growth failure in congenital heart disease (37) . It is intriguing in this regard that in the hypoxemic lambs the gastrointestinal tract and skin weights were a disproportionately smaller percentage of total body weight than in the anemic or control lambs (Fig. 8) . Finally, the metabolic signal responsible for the decrease in growth may be oxygen tension dependent, and thus not affected by anemia. The latter mechanism seems least likely given normal fetal growth in a low oxygen tension environment. However, it is not known whether the hormonal regulators of growth in the newborn, which differ from those in the fetus, are more sensitive to lowered oxygen tension.
In conclusion, the major compensatory responses to chronic anemia in the newborn period are moderate increases in heart rate and cardiac output, an increase in fractional extraction of oxygen, and a redistribution of regional blood flow. Thus, during chronic anemia, as in chronic hypoxemia (8) , determinations of total body oxygen consumption or oxygen delivery may not reflect important regional variations related to the redistribution of cardiac output. The compensatory responses during chronic anemia, including the pattern of redistribution of regional blood flow, are different from those occurring during chronic hypoxemia. The dissimilar effects of decreases in systemic oxygen content and systemic oxygen tension on local tissue receptors and peripheral chemoreceptors may account for these differences. Although some of the costs of chronic anemia are comparable to the costs of chronic hypoxemia, there is an additional cost during chronic hypoxemia, the suppression of growth, which does not occur during chronic anemia.
